Testicular maturation and sperm production throughout the life of the male form the basis of male fertility. It is difficult to elucidate the intricate processes controlling testicular maturation and spermatogenesis in primates in vivo due to the long time span required for sexual maturation and also to the lack of accessible in vitro or in vivo models of primate spermatogenesis. Ectopic xenografting of neonatal testis tissue into mice provides an accessible model to study and manipulate the propagation and differentiation of male germ cells from immature donor animals. However, it was not clear whether this approach would be applicable to slowly maturing primates. Here we report that grafting of testis tissue from immature rhesus monkeys (Macaca mulatta) into host mice resulted in the acceleration of testicular maturation and production of fertilization-competent sperm in testis xenografts. The system reported here provides a powerful, practical approach to study timing and control of testicular maturation and regulation of primate spermatogenesis without the necessity for experimentation in primates. This approach could potentially be applied to produce fertile sperm from sexually immature individuals of rare or valuable primate species or from prepubertal boys undergoing sterilizing therapy for cancer. assisted reproductive technology, gametogenesis, pituitary hormones, testis
INTRODUCTION
The factors controlling the timing and progression of puberty have not been conclusively elucidated in male primates [1] . This is mainly due to the difficulty of studying testicular maturation in primates in situ and the lack of suitable model systems. Transplantation of isolated testis cells from primate donors into the testes of recipient mice did not result in complete spermatogenesis [2, 3] , most likely as a result of incompatibilities between the primate germ cells and the murine supporting Sertoli cells.
Recently, we demonstrated that ectopic xenografting of neonatal testis tissue from immature farm animals into immunodeficient mice provides an accessible system for the study and manipulation of testicular development and spermatogenesis in nonrodent species [4] . In these earlier stud- ies, the onset of spermatogenesis in porcine testicular xenografts appeared slightly earlier compared with the donor species. However, the prepubertal period in primates is much longer (e.g., 3-4 yr, in rhesus macaque and 12-14 yr, in boys) than in the farm animal species previously studied. It was therefore unclear whether maturation from immature testis tissue to complete spermatogenesis could occur during the lifespan of the host mice (typically 1.5 yr). Therefore, to establish testis tissue xenografting as a new model for the study of primate testis function, we examined the developmental potential and the timing of maturation of immature rhesus testis tissue grafted into mice.
MATERIALS AND METHODS

Experimental Design
Small fragments of testis tissue from sexually immature rhesus macaques were grafted (8 grafts/mouse) under the back skin of castrated immunodeficient mice. Host mice were killed at different time intervals following grafting and the status of testicular maturation and the most advanced germ cell types present were assessed histologically. Sperm isolated from xenografts at later time points were assessed for fertilization competence and the resultant rhesus embryos were analyzed for parentage.
Donor Animals and the Acquisition of Testis Tissue
Testes from two sexually immature 13-mo-old male rhesus macaques (Macaca mulatta) were used as donor tissue for xenografting. The animals were housed in single cages and were maintained under a controlled photoperiod (lights-on 0600-1800 h) according to National Institutes of Health guidelines. Castration was performed after an initial sedation with ketamine hydrochloride (50 mg i.m.; Ketaset, Fort Dodge Laboratories, Inc., Fort Dodge, IA), and animals were killed with sodium pentobarbital (30 mg/kg body weight, i.v.). Testes were kept in Dulbecco phosphate buffered saline on ice and shipped overnight to the University of Pennsylvania. All experimental procedures were approved by the University of California Institutional Animal Care and Use Committee.
Recipient Animals and Procedures for Xenografting
After removal of the capsule and overt connective tissue, donor testes were cut into small fragments (about 0.5-1 mm in diameter). Testis fragments were kept in Dulbecco modified Eagle medium on ice until grafting. Fragments of the testes were fixed for histology. Six recipient male ICR/ SCID mice (Taconic, Germantown, NY) per donor rhesus macaque were anesthetized and castrated. During the same surgery, each mouse received four incisions (about 5 mm each) on each side of the back and one fragment of testis tissue was sutured to the subcutaneous tissue through each skin incision using 6-0 braided silk. Animals were handled and treated in accordance with the University of Pennsylvania Institutional Animal Care and Use Committee.
Analysis of Xenografts
At 2-to 3-mo intervals, a single graft was removed from either six randomly selected (e.g., at 2 and 7 mo) or all of the recipients (e.g., at 4 mo). The samples were fixed overnight in Bouin solution and processed for histology. The status of testicular maturation, spermatogenesis, and the 
Ovarian Stimulation for Oocyte Recovery
Two female rhesus macaques (M. mulatta) maintained at the California National Primate Research Center were superovulated using injections of recombinant human gonadotropins (Serono, Rockland, MA) as described previously [5] . Females with adequate follicular development as determined by transabdominal ultrasonography received recombinant human chorionic gonadotropin (hCG) on the morning of treatment Day 8, and 33 h after the administration of hCG, oocytes were collected by laparoscopic retrieval. Briefly, a 3-inch, 22-gauge needle attached to mild vacuum pressure was introduced into the abdomen of anesthetized females, and each visible follicle was then aspirated into a 15-ml sterile tissue culture tube containing Tyrode albumin lactate pyruvate medium (TH3) [6] . The pooled aspirates from left and right ovaries were placed in TH3 medium and immediately transported to the laboratory for recovery of mature MII oocytes (n ϭ 16).
Intracytoplasmic Sperm Injection
Sperm for intracytoplasmic sperm injection (ICSI) were recovered from rhesus macaque testis xenografts by gentle teasing with glass pulled pipettes under a dissecting microscope in TH3 medium. Mature, MII oocytes (5-10 at a time), stripped of cumulus cells with hyaluronidase treatment followed by manual gentle pipetting, were placed in a 30-l TH3 droplet and the chamber was mounted on an inverted microscope equipped with Hoffman modulation contrast optics and Narishige micromanipulators. A single sperm maintained in TH3 with 10% polyvinylpyrrolidone was immobilized, aspirated into the ICSI pipette, transferred to the manipulation drop, and injected into the cytoplasm of an oocyte immobilized on a holding pipette (120 m outer diameter). A total of 16 oocytes was injected in this manner. Twelve to 16 h after ICSI, oocytes were examined for the presence of pronuclei. Fertilized eggs were placed into four-well plates containing preplated buffalo rat liver (BRL) cells (2.5 ϫ 10 4 cells per well) and 0.7 ml of CMRL culture medium (Invitrogen, Carlsbad, CA) with 10% FBS, 10 mM L-glutamine, 5 mM sodium pyruvate, and 1 mM sodium lactate. Embryos were transferred to fresh BRL plates every other day and were evaluated for the progress of development according to established methods [7] .
Analysis of Embryo Parentage
DNA was extracted by first incubating an embryo in 5 l of 200 mM NaOH for 10 min at 95ЊC and then adding 5 l of 100 mM Tris-HCl (pH 8.5)/200 mM HCl to complete the procedure. DNA types for six microsatellites were obtained by polymerase chain reaction (PCR) amplification of markers D7S513, D6S276, D8S1106, D18S72, MFGT21, and MFGT22. These markers are highly polymorphic in rhesus macaques. Primers for MFGT21 and MFGT22 were developed from Macaca fuscata sequences [8] . The other four microsatellites were amplified with heterologous human primers. DNA tests were performed following procedures developed at the Veterinary Genetics Laboratory (VGL), University of California at Davis, for parentage testing of rhesus macaques. Fluorescently labeled PCR products were run on polyacrylamide gels using an ABI 377 DNA sequencer (Applied Biosystems, Foster City, CA). Fragment sizes in base pairs of microsatellite alleles were determined using STRand software [9] . DNA types of putative parents were available from VGL's database for rhesus monkeys from the California National Primate Research Center. Parentage verification was done by comparison of DNA types obtained for the embryo with parental types. The combined theoretical probability of parentage exclusion for the six markers is 0.999 for rhesus monkeys.
RESULTS
Almost all (92 out of 96) testis xenografts were recovered from all host mice. There was a marked increase in the size of the recovered grafts, typically to 3-5 mm in diameter, reflecting about 10-to 60-fold growth. Histology of the donor tissue at the time of grafting and that of the recovered grafts showing the most advanced stages of germ cells are represented in Figure 1 . At the time of grafting, the testis tissue consisted of primitive seminiferous cords containing somatic Sertoli cells and gonocytes as the only type of germ cells present, as well as interstitial tissue containing immature Leydig cells (Fig. 1a) . Histological analysis of the recovered grafts at 2 mo showed initiation of differentiation: gonocytes had given rise to spermatogonia residing at the basement membrane of the expanding seminiferous cords (Fig. 1b) and, as a result of the proliferation of Sertoli cells, more than 90% of seminiferous cords in every sample (n ϭ 6 grafts) at this stage had increased in diameter (75 Ϯ 10 m compared with 50 Ϯ 5 m at the time of grafting). At 4 mo after grafting, 70% of seminiferous tubules (range 30-90%, n ϭ 12 grafts) had already developed a lumen, and spermatocytes and round spermatids were present in 30% (range 2-80%) and 3% (range 0-10%) of tubules, respectively (Fig. 1c) . By 7 mo after grafting, complete spermatogenesis and mature sperm were present in 4% of tubules (range 0-15%, n ϭ 6 grafts, Fig. 1d ). For comparison, the testes of control rhesus macaques at 24 mo of age remain undeveloped (Fig. 1e) . The morphology of spermatogenic tissue from xenografts was indistinguishable from the appearance of testis tissue obtained from mature rhesus macaques (Fig. 1f) . The percentage of tubules with complete spermatogenesis increased over time and morphologically normal spermatogenesis continued to be present in grafts analyzed as late as 12 mo after grafting. Gentle mechanical dispersing of the rhesus testis xenografts obtained from the host mice more than 8 mo after grafting allowed the collection of up to 10 ϫ 10 6 sperm/g (about 1-2 ϫ 10 6 sperm per graft). Isolated xenogeneic spermatozoa displayed the normal morphology typical of rhesus testicular sperm (Fig. 2a) , with more than 80% being viable and up to 10% motile after diluting into buffer. To determine whether the resultant sperm were capable of supporting development, we used ICSI into in vivo-matured rhesus oocytes (Fig. 2b) . Nine out of 16 injected oocytes underwent cleavage, all of which developed to the morula stage (Fig. 2c) and three to the blastocyst stage (Fig. 2d) . Parentage analysis of one blastocyst ascertained that the embryo indeed originated from the xenogeneic donor sperm because DNA types obtained for the embryo were compatible with those of the putative parents (Table 1) . For each locus, the alleles observed in the embryo were also present in the parental types. To monitor Leydig cell function in the xenografts, the weight of the seminal vesicles of the host mice was recorded. Development of the seminal vesicles is highly androgen dependent, thereby providing a reliable bioassay for the presence of androgens. The weight of the seminal vesicles in the castrated mice receiving rhesus testis xenografts was restored to precastration values (60-100 mg).
DISCUSSION
Production of mature sperm from immature 13-mo-old rhesus monkeys in as little as 7 mo following xenografting into mice represents a significant shortening of the time required for testicular maturation. Males from the same population typically do not reach puberty until about 4 yr of age. In the farm animal species studied to date, neonatal testis tissue has a greater ability to undergo complete differentiation and produce mature sperm after xenografting into host mice than tissue from older animals [4, 10] . It remains to be determined if this observation also applies to primate donors.
Induction and maintenance of spermatogenesis requires a continuous and controlled interaction of several hormones in the hypothalamic-pituitary-testis axis. It is surprising that, in the present study, acceleration of testicular maturation was achieved without supplementing the host mice with exogenous hormones. Murine pituitary LH and FSH effectively stimulated the rhesus Leydig and Sertoli cells, respectively, to release rhesus androgens and inhibin that in turn regulated the hypothalamic release of murine GnRH and subsequently LH and FSH from the host mouse pituitary. Castration of recipient mice appears essential for the development of xenografts, as immature testis xenografts do not develop in intact mice (unpublished observations). Immediately after castration and before the immature testis xenografts are releasing sufficient testosterone, serum levels of LH and FSH rise significantly, providing an effective stimulus for the development of the grafted testes. However, the period of high gonadotropin levels is apparently short and, within 2 wk after grafting, both immature testis allografts and xenografts release enough testosterone to establish feedback on gonadotropin release in the recipient mouse [4, 11] . Restoration of the weight of the seminal vesicles in the castrated recipient mice indicates that rhesus testis xenografts were responsive to the murine LH and released bioactive testosterone. Species specificity of gonadotropins and the perceived major differences between gonadotropins of primates and mice apparently did not affect the function of the hypothalamic-pituitary-testis axis. Therefore, endogenous mouse LH and FSH were fully capable of supporting the initiation and continuation of primate spermatogenesis. These results are in contrast with a previous report, where postmeiotic differentiation of germ cells did not occur in testis tissue from immature marmoset monkeys grafted into mice [12] . In that study, grafts were analyzed earlier than in our study and it has been reported recently that the testis of the common marmoset expresses a unique type of LH receptor [13] that does not appear to be fully responsive to mouse LH [14] .
In primates, the morphological, physiological, and behavioral aspects of sexual maturation are initiated by the reactivation of an apparently fully mature but quiescent hypothalamic GnRH pulse generator in the central nervous system [1] . In the immature rhesus monkey, the onset of spermatogenesis is not prevented by immaturity of the testicular tissue but rather by a lack of endocrine support. Exposure of the testis tissue to postcastration and adult-like levels of pituitary gonadotropins is likely to be responsible for the advancement of testicular maturation in the rhesus testis xenografts. Precocious induction of initial stages of spermatogenesis in juvenile rhesus macaques has been reported to occur after mimicking the adult pattern of gonadotropin secretion by administering GnRH or rhesus gonadotropins in a pulsatile manner for extended periods of time through indwelling catheters [15, 16] .
The testis xenografting model offers several advantages compared with whole-animal experiments for the study of primate testicular maturation and spermatogenesis. This approach reduces the costs and ethical limitations associated with maintaining large numbers of monkeys for experimentation. The system is also more versatile as relevant mouse models (e.g., LH or FSH receptor knock-out mice) are available and manipulation of the hormonal milieu in the host mice is considerably less demanding and more affordable. Moreover, because of the prolonged period of growth and development in primates, individual variability in timing of the pubertal processes within species is more common than in inbred mice. Therefore, the use of testis tissue from an individual donor for grafting into several host mice will reduce variability and provide a model for repeated sampling, without the need for frequent biopsies or the confounding effects of compensatory hypertrophy of the remaining testis after hemicastration.
In the present study, xenogeneic sperm showed a fertilization rate after ICSI that was similar to that reported for rhesus testicular sperm [17] . The resultant rhesus embryos also showed a normal rate of in vitro development, demonstrating that xenogeneic rhesus sperm generated in host mice are fertilization competent. We have previously shown that mouse embryos generated by ICSI of sperm from ectopic grafts can develop normally and give rise to healthy offspring [11] .
In conclusion, primate testis xenografting can 1) provide a novel model for the study and manipulation of primate spermatogenesis and testicular maturation, 2) present an alternative for the preservation and propagation of genetic material from valuable individual primates that die prematurely, and 3) potentially offer a strategy for preservation of reproductive potential in prepubertal boys undergoing cytotoxic cancer therapy that can render them infertile as adults. Although our results indicate that fertile sperm can be generated from immature primate testis pieces grafted in host mice, ethical and safety issues will have to be resolved before such an approach is considered for generation of human sperm for subsequent assisted fertilization.
